According to HOLST & BONE (1993) and LUCIFORA & VASSALLO (2002) , the use of pelvic fins during prey detection might enhance feeding performance by reducing disturbances that commonly result from pectoral fin movements (and that may elicit a fleeing response by prey). KOESTER & SPIRITO (2003) stated that when the crurae are used during foraging the pectoral fins do not have to be used, thus eliminating water displacement. Furthermore, the pectoral fins may stimulate the mechano and electrosensory receptors (Lorenzini ampullae and lateral line neuromasts), distorting the electro-mechanosensing field generated by any potential prey (MONTGOMERY & BODZNICK 1999) . Information on the locomotory modes of Neotropical freshwater stingrays (Potamotrygonidae) is available only for a few species and is insufficient. GARRONE- NETO & SAZIMA (2009) observed that Potamotrygon motoro (Müller & Henle, 1841) and P. falkneri Castex & Maciel, 1963 in the field undulate their pectoral fins in the bottom to uncover buried prey. However they do not mention the movement of the pelvic fins, which may be employed during foraging to decrease disturbance of the benthos, thus allowing for prey detection by the lateral line canals (ROSENBERGER 2001 , SHIBUYA et al. 2010 , 2012 . Later, MACESIC et al. (2013) observed that P. orbignyi (Castelnau, 1855) uses both pelvic and pectoral fins during punting movements. The structure of the pelvic fin in potamotrygonids (e.g., CARVALHO et al. 2004, Fig. 16 ) is quite simple when compared to rajids, since it does not present a discrete anterior lobe or crura that could be used for punting (Fig. 2) . Moreover, the role of the pelvic fins in potamotrygonid species may show different patterns when compared to other batoids due to the diversity of substrate types that they use during foraging (flooded forest, presence of litter, muddy, sandy and rocky bottoms) (ARAÚJO et al. 2004 ). Nevertheless, detailed observation of pelvic fin movements of stingrays in their natural habitats is frequently difficult due to the ventral location of these structures as well as the turbid waters of some South American rivers in which they occur. This study, therefore, aims to describe different types of pelvic fin movements used by individuals of P. motoro for locomotion and reorientation of the body during foraging behavior. Moreover, P. motoro is a benthic-dwelling ray (e.g., LONARDONI et al. 2006 , SHIBUYA et al. 2009 ), as are the species studied by MACESIC & KAJIURA (2010) , whose data are used for comparisons. Potamotrygon motoro was chosen due to its abundance in Neotropical rivers, its occurrence in association with different types of substrates, and the fact that it is easy to maintain and observe in captivity.
MATERIAL AND METHODS
Two juveniles of P. motoro (14.7 cm and 15.0 cm disc width [DW] , both males) were obtained from the ornamental fish trade (precise origin of specimens unknown). For comparison, one juvenile of Dasyatis akajei (Müller & Henle, 1841) -16.0 cm DW, male -was provided by local fishermen in Japan and used to measure the extent (protraction/retraction) of pelvic fin movements associated with punting during the thrust phase. All specimens were housed in the Department of Marine Biology of Tokai University (Shimizu, Japan). Acclimation lasted two days before the experiments began. Stingrays were individually maintained in a 120 x 60 x 60 cm acrylic aquarium with water at 26 ± 1°C (controlled by a thermostat), and photoperiod of 10:14 h (light/ dark). Each stingray was fed 8-10 live shrimps (prey size varied from 3-4 cm total length) once a day, offered at regular time intervals and while lights were on. Pelvic fin movements during prey localization and strike behaviors were video recorded in 250 and 500 fields/s -1 using a Phantom high speed camera (v4.2) with the aquarium illuminated by a 500 w quartz-halogen light. A 50 x 50 cm mirror was positioned at a 45° angle beneath the aquarium to allow the observation of movements from below. Sand was not put in the bottom of the tank to allow a clear view of the pelvic movements.
Twenty-eight video recordings (13 for P. motoro and 15 for D. akajei) were captured in three days. Images were initially stored in the camera's internal memory and later transferred to a computer and digitized by Phantom software. The maximum recording for this camera is 16s for sequences at 250 fields/ s -1 and 8s for sequences at 500 fields/s -1 . The same software was employed to generate the figures that illustrate this study. Timing of each movement in the video sequences was calculated in milliseconds (ms) from the digitized images, or by counting field by field (one field = 4 ms and 2 ms in 250 and 500 fields/ s -1 , respectively), following MOTTA et al. (2002) . The types of pelvic fin movement were defined according to HOLST & BONE (1993) and KOESTER & SPIRITO (2003) , as synchronous, alternating and unilateral (maneuvering to the right or to the left). Synchronous refers to the cyclic activity of the pelvic fins (thrust and glide for both fins simultaneously) pushing off the bottom for forward motion. Alternating refers to the "walking" movement, moving the pelvic fins independently and asymmetrically over the substrate. Unilateral movement is used 
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to maneuver the body (to the left or right), when one fin acts as a pivot while the other generates the thrust. Additional information on pelvic fin movements was obtained from experimental observations carried out on three juvenile individuals of the undescribed Potamotrygon sp. (known as "cururu"; ~12 cm DW) and one P. motoro (~18 cm DW), both from the Rio Negro basin. The acrylic aquarium (95 x 45 x 45 cm) platform was covered by a thin layer of sand (about 1 cm deep), simulating the substrate of the freshwater environment. The thin layer of sand on the bottom did not impair observation of the pelvic fin movements.
The software ImageJ (RASBAND 1997, open access) was used to estimate the speed and distance of movements in punt locomotion (synchronous pelvic fin movement); results of the cited variables are presented in disc length (DL and DL/s).
For comparisons concerning the extent of pelvic fins movement (protraction/retraction) during the thrust phase, the schematic figures of MACESIC & KAJIURA (2010) were analyzed. The term thrust refers to impulse movement for the forward motion of the body, using pelvic fins, combined or not with pectoral fin undulation/oscillation. Punting is the thrust associated with gliding locomotion on the substrate. The extent of the pelvic fins during the thrust phase was calculated in relation to orthogonal lines at the base of the outer margin of the fin (Fig. 3) , and measured from the sum of the maximum angles of protraction and retraction of the pelvic fins. The maximum protraction and retraction were calculated from the position between 0 to 90° and 0 to -90°, on the horizontal line (from the base of outer margin of the fin), respectively (Fig. 4) . Estimated values of the extent of pelvic fins during the thrust phase were also calculated from MACESIC & KAJIURA (2010) for each batoid species analyzed. Inferences were made using the cladograms proposed by CARVALHO et al. (2004) and MCEACHRAN & ASCHLIMAN (2004) since the current comparison strictly focuses on morphological characteristics. However, the recent batoid phylogeny proposed by ASCHLIMAN et al. (2012) does not substantially change the phylogenetic inferences underpinning our comparisons.
RESULTS
All types of pelvic movements previously described for other species were identified in Potamotrygon sp. and P. motoro: synchronous, alternating and unilateral. Observations of the locomotory modes of both species showed similar pelvic fin movements, even on the sandy bottom of the aquarium.
Synchronous movements
Potamotrygon motoro generated rapid thrust for punting, moving in a straight fashion to capture prey. During punting, the pelvic fins are protracted and move to an anterior position poised on the substrate; they then simultaneously push off to displace the body forward, which occurs concomitantly with the retraction of the fins (Fig. 5) . The forward motion of the body to strike prey is generated by the synchronous movement of the pelvic fins and is supplemented by the undulation of the pectoral fins. The speed was 0.43DL/s ± 0.15SD for the striking behavior. The mean distance of the punting movements was 0.11DL ± 0.05SD until reaching the prey, where locomotion terminated and feeding behavior began.
Alternating movements
During slow and straightforward motion for foraging behavior, the pelvic fins moved in a way similar to alternating gait bipedalism, comparable to a "walking" movement, which is used during thrust and glide locomotion. This type of movement features anteroposterior alternating motion of the pelvic fins: when one fin is in the anterior position, the other is placed posteriorly (Fig. 6 , in 324 and 676 ms). To generate thrust, the anteriorly positioned pelvic fin is protracted and maintains support on the substrate, pushing the body ahead in a row-like movement (Fig. 6 , in 516 ms). During thrust, the opposite (and posteriorly positioned) pelvic fin simultaneously starts moving forward gliding over the substrate. The fin is then moved to an anterior position and rests on the substrate (Fig. 6, in 768 ms) . The repeated use of this movements results in a slow forward motion while fin position is alternated. The pelvic fin is partially retracted when moved backward during thrust.
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Figures 3-4. The extent of pelvic movement during the thrust phase (3) was measured from the sum of the angles of protraction (P) and retraction (R) relative to a vertical line passing through the point of insertion of the outer margin of the fin. Maximum protraction (P) and retraction (R) of the pelvic fins (4) were calculated in relation to orthogonal horizontal (HL) and vertical (VL) lines centered at the point of insertion of the outer margin of the fin. Dashed line indicates resting position (RP). 
Unilateral movements
In this type of movement, one of the pelvic fins is employed while its antimere is not engaged in similar movement. In general, such unilateral pelvic fin movements are employed to turn the body slightly to the right or left while maintaining the general body position. When the ray moves its body to the right, its right pelvic fin remains in contact with the substrate, while the left fin pushes the body with one or more row-like movements (Fig. 7) . During left turning movements, the left fin is maintained still and the right one assumes the "rowing" role (Fig. 8) . The extent of the movement of a pelvic fin in activity may vary during body rotation, with the pelvic fin held in a perpendicular position to the longitudinal axis of the body (Fig.  7 , in 0 ms), or conspicuously projected anteriorly (Fig. 8, in 0  ms ). This type of movement was usually observed during the final stage of capture, directing the mouth to the prey. Unilateral movement was also employed to capture prey that was positioned laterally to the body of the specimen.
Comparative analysis with other batoids
The extent of the displacement of the pelvic fins during the thrust phase in P. motoro reached an angle of ~87°, whereas the results calculated for other batoid species were: Raja eglanteria Bosc, 1800, ~64°; Narcine brasiliensis (Olfers, 1831), 42°; Urobatis jamaicensis (Cuvier, 1816), ~21°, and Dasyatis sabina (Lesueur, 1824), ~35° (Figs. 9-13) . Dasyatis akajei showed a low angle of punting (Fig. 14) , presenting a total of ~44° for thrust. The angle of protraction was higher in R. eglanteria, however P. motoro presented a relatively high angle of retraction of the pelvic fins (Fig. 15) . The extent of the pelvic fins during thrust for each cited species is shown in the cladogram for batoid families in Fig. 16 .
DISCUSSION
The variety of pelvic fin movement patterns described for rajid species (HOLST & BONE 1993 , KOESTER & SPIRITO 2003 were also observed in P. motoro, even in the absence of crurae, which are considered derived for skates (HOLST & BONE 1993 , MCEACHRAN & DUNN 1998 , LUCIFORA & VASSALLO 2002 , KOESTER & SPIRITO 2003 . Movements of the separate pelvic fin lobes may therefore be further enhanced by separate and subdivided insertions within both the dorsal and ventral radial musclesfor a general account of pelvic fin muscles, see DANIEL (1934) and MARINELLI & STRENGER (1959) . Crurae are lacking in stingrays (Myliobatiformes), even though the first pelvic radial element is also of a compound nature and articulates directly with the pelvic (puboischiadic) girdle -for additional illustrations of potamotrygonid pelvic fins, see LOVEJOY (1996) ; CARVALHO et al. (2004); and CARVALHO & LOVEJOY (2011) . The pelvic musculature in potamotrygonid species described by MACESIC & KAJIURA (2010) is similar to U. jamaicensis and D. sabina. The pelvic fins present distal and proximal ventrally positioned depressor muscles, which act to depress the fins (retraction movement), whereas the dorsally positioned distal and proximal levator muscles protract them. The protractor muscles act to protract the basipterygium, extending the fins anteriorly. The pelvic fin movements exhibited by P. motoro may indicate an increased control and coordination of its pelvic musculature to reach a wider angle compared to rajid species. This hypothesis needs to be tested by anatomical and functional comparisons of the dorsal and ventral pelvic muscles. Our investigation, conducted on captive individuals, has generated essential information on the locomotion of potamotrygonid stingrays that would not have been possible in the field (due to the limited view of pelvic fin movements under the body); the pelvic movements were similar to those observed in the experiments with sand in the bottom of the aquarium. Our observation on the feeding behavior of P. motoro under captive conditions revealed that both pelvic and pectoral fins are employed simultaneously to allow fast prey strike, combining synchronous movements of the pelvic fins with pectoral undulation. The punt movement was observed only during feeding behavior, indicating that it is used mainly for striking the prey just before it is captured; the pelvic fins may not necessarily protract entirely to generate thrust. Unilateral and alternating movements of the pelvic fins provide a fine control of the body during prey capture behavior, positioning the body over the prey and directing the mouth to grasp it (SHIBUYA et al. 2012 ). The guidance is generated by the paired fins and act together during foraging behavior, and the pelvic fins seem to be essential for oral prey manipulation, whereas the pectoral fins prevent it from escaping (by keeping the prey under the body of the ray). Even without a substrate (thin layer of sand) in the aquarium, individuals of P. motoro seem to have no difficulty using pelvic movements (synchronous, alternating and unilateral) on the presumably slippery bottom. This evidence suggests that P. motoro may use "walking" movements on different types of substrates (including unconsolidated ones, such as sand, mud, and leaf litter banks; cf. ARAÚJO et al. 2004 ), since it does not depend on a firm grip to produce forward thrust maneuvering through small obstructions while searching for prey (such as crabs and small fishes) (SHIBUYA et al. 2009 ).
Despite the intermediate speed of augmented punting in P. orbignyi (0.26 DL/s) (MACESIC et al. 2013 ), compared to slow synchronized pelvic movement (~0.20 DL/s, U. jamaicensis and D. sabina) and fast true punters (~0.40 DL/s, R. eglanteria and R. radula) (MACESIC & KAJIURA 2010 , BILECENOGLU & EKSTROM 2013 , P. motoro is fast (~0.43 DL/s), probably as a consequence of its foraging behavior to capture prey; the usual synchronized swimming is probably slower. The low distance traveled by P. motoro can possibly be explained by the abrupt cessation of locomotion to capture prey during feeding behavior. It is possible that the absence of sand in the bottom of the aquarium changes the subject's locomotion, requiring the pelvic fins to be more effective to avoid a slippery gait; however, a sandy substrate increases drag during movement, decreasing the effort the individual needs to generate for punting. Potamotrygon sp. ("cururu") presents the same pelvic fins movements (synchronous, alternating and unilateral) and a similar extension of the pelvic fins during thrust, reinforcing that the examined potamotryonid species may thrust their pelvic fins wide.
Crurae do not occur in potamotrygonid stingrays and this group is phylogenetically positioned in a more "derived" position compared to skates (MCEACHRAN & ASCHLIMAN 2004) ; however, their pelvic fins have a wide extent during the thrust phase when compared to U. jamaicensis and D. sabina (MACESIC & KAJIURA 2010) . The extent of the movements of the pelvic fins (protraction/retraction) found in P. motoro were also observed in Potamotrygon sp. (A. Shibuya pers. obs.). Even though a low number of batoid species has been analyzed thus far, the thrust of the pelvic fins seems to decrease from "true punters" (which primarily use pelvic fin locomotion) to "augmented punters" (which predominantly use pectoral fin locomotion) (MACESIC & KAJIURA 2010) . Nevertheless, considering the current results, P. motoro stands out with a comparatively much greater angle during the thrust phase, as in true punters. However, this species also uses the pectoral fins for swimming synchronously with the pelvic fins. Potamotrygon motoro uses the coordination of both pelvic and pectoral fins for locomotion, which was also observed in the augmented punter P. orbignyi (MACESIC et al. 2013) . Despite the fact that P. motoro travels faster than P. orbignyi, its velocity is comparable to true punters, but due to the synchronized use of pelvic and pectoral fins, P. motoro is considered an augmented punter. The potamotrygonid lineage is the sister group of the clade Dasyatidae + (Gymnuridae + Myliobatidae) (CARVALHO et al. 2004 , MCEACHRAN & ASCHLIMAN 2004 . However, the high angle of the pelvic fins during the thrust phase may not strictly follow the evolution of batoid groups, as more data are required concerning pelvic fin movements in species of other groups.
Juveniles of some potamotrygonid species, such as P. motoro, and the small-sized Potamotrygon sp. from the Rio Negro, are able to occupy habitats such as flooded forests, where large amounts of tree trunks, fallen branches and other debris may impair free movements over large distances. In such habitats, locomotion using pelvic fin movements seems to be especially important and effective. In addition, unilateral movements of the pelvic fins may be employed for subtle re-orientation of the body during recognition of the surrounding habitat during the initial phases of foraging, as well serving as a defensive tactic to avoid being noticed as a result of substrate disturbance during swimming. However, investigations on the role of pelvic fins in different potamotrygonid species and under different environmental conditions are needed to test this hypothesis.
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